The localization of RNAs at the vegetal cortex in Xenopus oocytes is a complex process, involving at least two different pathways. The early, or messenger transport organizer (METRO), pathway, localizes RNAs such as Xlsirts, Xcat2 and Xwnt11 during stages 1 and 2 of oogenesis, while the late pathway localizes RNAs such as Vg1 during stages 2-4. We demonstrate that the onset of Vg1 localization is characterized by its microtubule-independent binding to a subdomain of the endoplasmic reticulum (ER). The formation of this unique ER structure is intimately associated with the movement of the mitochondrial cloud toward the vegetal cortex. In addition, we demonstrate that the mitochondrial cloud contains a g-tubulin-positive structure that may function as a microtubule organizing center for establishing microtubule tracks for Vg1 localization. These data, support, although they do not prove, a model in which the development of the late pathway machinery relies upon the prior functioning of the early pathway.
Introduction
A central problem in developmental biology concerns the mechanisms involved in the establishment of cell lineages and in the proper axial patterning of the embryo. One way by which these processes are regulated is the localization of RNAs in oocytes and eggs (for review, see Jeffery, 1988; Kloc and Etkin, 1995a; Lipshitz, 1995; St. Johnston, 1995) . In Xenopus laevis there are two major pathways for the localization of RNAs at the vegetal cortex during oogenesis (Kloc et al., 1993 (Kloc et al., , 1996 Etkin, 1994, 1995b; Forristall et al., 1995; Zhou and King, 1996b) . One pathway localizes RNAs such as Xlsirts, Xcat2, and Xwnt11, during stages 1 and 2 of oogenesis, utilizing a specialized region of the mitochondrial cloud referred to as the messenger transport organizer (METRO) (Kloc et al., 1993; Kloc and Etkin, 1995b) . Xlsirts is a family of non-coding RNAs that function in anchoring Vg1 at the vegetal cortex (Kloc et al., 1993; Kloc and Etkin, 1994) , Xwnt11 is potentially involved in axial patterning (Ku and Melton, 1993) ; and Xcat2 possesses nanos-like zinc fingers but has no known function (Mosquera et al., 1993) . Several of these RNAs, such as Xcat2 and Xlsirts, co-localize within the germ plasm in embryos and could possibly be involved in specification of the germ line (Forristall et al., 1995; M. Kloc, C. Larabell and L. Etkin, unpublished data) . The second pathway localizes a separate group of RNAs that includes Vg1 (Rebagliati et al., 1985; Yisraeli and Melton, 1988) during stages 2-4. Vg1 has been implicated in the establishment of both dorsal/ventral (Thomsen and Melton, 1993) and right-left symmetries of the embryo (Hyatt et al., 1996) . Thus, it is quite clear that the proper functioning of these pathways is critical to the localization of a number of molecules and determinants that are likely to be involved in axial patterning and the establishment of important cell lineages. Kloc et al. (1996) demonstrated that the METRO, or early, pathway is elaborated during oogenesis by the differentiation of one of the mitochondrial clouds which is used to transport the RNAs to the cortex. Additionally, they showed that the transport of the Xlsirt RNA from its site of synthesis to the METRO is microtubule and microfilament independent (Kloc et al., 1996) . In contrast, translocation of RNAs, such as Vg1, through the late pathway during stages 3 and 4 is microtubule dependent (Yisraeli et al., 1990) .
During stage 1, when the early pathway is functioning, Vg1 is homogeneously spread throughout the cytoplasm and does not recognize the signals regulating the localization of METRO RNAs. Signs of localization of Vg1 first appear during stage 2, when it associates with the cortex in the region where the Xlsirts, Xcat2, and Xwnt11 RNAs are already associated (Kloc and Etkin, 1995b) . The localizing Vg1 mRNA forms a wedge-shaped structure that extends from the vegetal cortex toward the oocyte nucleus or germinal vesicle (GV) (Kloc and Etkin, 1995b) . Deshler et al. (1997) showed that in stage 2 oocytes a region of the endoplasmic reticulum (ER) follows a similar pattern of distribution to the localizing Vg1. In addition, they have isolated an ER-associated protein, veg endoplasmic reticulum associated protein (vera) , that binds to the 3′-UTR of Vg1. During stages 3 and 4 the remaining portion of Vg1 RNA streams toward the cortex, and then spreads to reach its final distribution throughout the vegetal cortex from the apex of the vegetal pole to the marginal zone. Kloc and Etkin (1995b) and Kloc et al. (1996) hypothesized that there was cross-talk between the METRO and late pathways. We present data demonstrating that the initial step in Vg1 localization in stage 2 oocytes is its association with the wedge-shaped subdomain of the ER. Also, the association of Vg1 with the ER is microtubule independent, unlike at later stages, when its translocation depends on intact microtubules. In addition, we show that the formation of this unique ER structure is closely associated with the movement of the mitochondrial cloud to the vegetal cortex. The mitochondrial cloud also contains a g-tubulin-positive body that may function as a microtubule organizing center (MTOC) during stage 3 and 4. These results support, although they do not prove, our hypothesis that the establishment of the METRO and late RNA localization systems during oogenesis is a sequential process that involves an interaction between the two pathways.
Results

Vg1 mRNA containing the Xlsirt localization element can transport to the mitochondrial cloud in stage 1 and 2 oocytes
During stage 1 and early stage 2, METRO RNAs are localized to a disk-like structure at the vegetal cortex. While the METRO pathway is functioning, Vg1 is dispersed throughout the cytoplasm (Kloc and Etkin, 1995b ). An important issue is to determine the mechanism responsible for the maintenance of Vg1 in the cytoplasm during this time and to determine the signal that initiates Vg1 localization during stage 2. Several mechanisms have the potential to maintain Vg1 RNA in the cytoplasm during stage 1: (1) the localization signal in the 3′-UTR is masked; (2) Vg1 is anchored in the cytoplasm by tethering to a cytoplasmic structure or the cytoskeleton and (3) Vg1 is free to move, but the components of the late pathway are not yet assembled. To help distinguish between these alternatives, we made several constructs in which we linked the Xlsirts localization signals to various regions of the full-length Vg1 mRNA ( Fig. 1) and tested the ability of the chimeric RNAs to move to the mitochondrial cloud in stage 1 oocytes. The rationale was that if the Vg1 is tethered to a cytoplasmic anchor, it will not be able to translocate to the mitochondrial cloud even when the Xlsirt signal is present. A similar strategy was used previously to test whether tethering or masking of the nuclear localization signal is involved in retaining various proteins in the cytoplasm (Begg et al., 1992; Li et al., 1994) . Also, if there was tethering or masking of the localization element we would anticipate that these would be saturable by large amounts of injected Vg1 mRNA. Fig. 2 shows the results of an experiment in which we compared the distribution of endogenous Xlsirts ( Fig. 2A) and Vg1 (Fig. 2C ), which were detected by in situ hybridization, with that of digoxigenin-labeled injected Xlsirts (Fig. 2B ), Vg1 ( Fig. 2D ) and Xlsirt-Vg1-3′5′ (Fig. 2E ) chimera which were detected using the color reaction. It is clear that both endogenous and exogenous Xlsirts were associated with the METRO region of the mitochondrial cloud, while both endogenous and exogenous Vg1 were distributed throughout the cytoplasm and excluded from the cloud. However, Fig. 2E shows that when the chimeric Xlsirt-Vg1-3′5′ RNA was injected into late stage 1 oocytes, a major portion of the Xlsirt-Vg1-3′5′ transcripts associated with the mitochondrial cloud. Similar results were seen with the other two Xlsirt-Vg1 chimeric transcripts in Fig. 1 (data not shown). We also observed the targeting of the XlsirtVg1 chimeric RNA to the cloud in oocytes injected with a Fig. 1 . Constructs used in this analysis. Xlsirts consist of three repeat units with a short piece of the unique flanking region. Vg1 contains the coding region and both the 3′-and 5′-UTRs. Xlsirt-Vg1-5' consists of the Vg1 mRNA combined with three repeats of the Xlsirts joined to the 5′ end of the message. Xlsirt-Vg1-3′ consists of the Vg1 mRNA combined with three Xlsirt repeats at the 3′ end. Xlsirt-Vg1-3′5′ consists of the Vg1 mRNA combined with three Xlsirt repeats fused to the 5′ and 3′ ends of the message. Details of the constructs can be found in Section 4. wide range of RNA concentrations (10-500 pg). Additionally, we also observed that exogenous Vg1 mRNA did not associate with the vegetal cortex prior to late stage 2 even when large amounts of the mRNA were injected (data not shown).
These results demonstrate that the presence of the Xlsirt localization element can direct Vg1 mRNA to the mitochondrial cloud. One possible explanation of this result is that Vg1 is not tethered within the cytoplasm during the early stages of oogenesis, when the early pathway is functioning, but is free to move given the proper stimulus, which in this case was the Xlsirt translocation signal. Alternatively, it is possible that the addition of the early Xlsirt localization signal simply overrides the Vg1 late localization element signals or that the injected chimeric RNA is sequestered within the early pathway unavailable for tethering. We favor the first interpretation since if a tethering mechanism was utilized we would expect that injection of large amounts of Vg1 alone would saturate the anchor. This was not observed (data not shown). The following evidence suggests that a major factor in the initiation of Vg1 localization is the establishment of the late pathway machinery. Kloc and Etkin (1995b) reported that the earliest steps in the localization of Vg1 showed the Vg1 mRNA in a wedgeshaped structure as it approached the vegetal cortex in stage 2 oocytes. Interestingly, the position of this structure was in the region through which the mitochondrial cloud material had passed, in the process of localizing the METRO RNAs during stage 1 of oogenesis. This suggested a potential interaction between the two RNA localization pathways (Kloc and Etkin, 1995b; Etkin, 1997) . Recently, Deshler et al. (1997) showed the presence of a subdomain of the ER in the wedge-like configuration that overlaps Vg1 mRNA in stage 2 oocytes. We were interested in analyzing how this unique structure formed during oogenesis. To do this, we analyzed different-stage oocytes for the presence of ER using an antibody specific for the GRP 78 protein that is contained within the lumen of the ER (Munro and Pelham, 1987) . Fig. 3A shows that the major portion of the ER was detected in stage 1 oocytes surrounding the mitochondrial cloud. In oocytes where the cloud is fragmented and has begun movement toward the vegetal cortex, the ER appeared as a cap on the GV side of the cloud (Fig. 3B ). When the cloud and the METRO-localized RNAs were detected anchored at the cortex, the ER was seen in the characteristic wedge-like structure, reminiscent of the Vg1 wedge ( Fig. 3C ,D; see also Kloc and Etkin, 1995b) . We also detected a substantial portion of the ER associated with the entire cortex from animal to vegetal hemispheres in stage 2 to 3 oocytes. Therefore, it appears that the ER undergoes a series of changes during oogenesis with a specific region that was associated with the mitochondrial cloud ultimately forming the wedge-shaped structure seen by Deshler et al. (1997) .
The establishment of the late pathway is a multi-step process involving the elaboration of a unique structure containing a portion of the oocyte ER
To definitively demonstrate the co-localization of Vg1 mRNA with the wedge-shaped ER structure we performed in situ hybridization to identify the location of the Vg1 mRNA, and immunostaining with GRP-78 to identify the position of the ER. During stage 1, while Vg1 mRNA was dispersed throughout the cytoplasm, very little ER was associated with the cortex. However, we did see a portion of the ER surrounding the mitochondrial cloud with little or no associated Vg1 mRNA (Fig. 4A ). The majority of cloudassociated ER appears to surround the cloud but is not internal.
In late stage 2 and early stage 3 oocytes, Vg1 co-localized with a portion of the ER that is associated with the wedgeshaped structure that has contracted toward the vegetal cortex (Fig. 4B) . In late stage 3 oocytes, portions of the ER and Vg1 mRNA are detected as vesicle-like structures near the vegetal cortex while the bulk of Vg1 is tightly associated with the cortex (Fig. 4C) . Also, we detected the Xlsirts at the leading edge (closest to the vegetal cortex) of the wedgeshaped ER structure (Fig. 4D ) in stage 2 oocytes, just as it anchored at the cortex. Shortly thereafter, when the Xlsirts were anchored at the cortex, we saw areas where the ER appeared to associate with the Xlsirts at the cortex (Fig. 4E) . From our immunostaining-in situ hybridization data, it is clear that Vg1 and Xlsirts co-localized only within a subdomain of the ER in the wedge-shaped structure formed when the mitochondrial cloud fragments and moves toward the vegetal cortex. Vg1 did not co-localize with the ER that is found at other regions of the cortex. This strongly suggests that this subdomain of the ER has a unique property that distinguishes it from the rest of the cellular ER.
The functioning of the late pathway involves both microtubule-independent and dependent steps
Since Yisraeli et al. (1990) showed that the translocation of Vg1 mRNA to the cortex during stages 3 and 4 of oogenesis involved a microtubule-dependent step, we wanted to test whether the association of Vg1 with the cytoplasmic wedge during stage 2 was also microtubule dependent. Therefore, we analyzed the ability of injected Vg1 mRNA to associate with this structure in oocytes treated with nocodazole. Fig. 5A shows control experiments in which the exogenous injected Vg1 associated with a wedge-like structure during early stage 2; Fig. 5C shows that exogenous Vg1 injected into stage 3 oocytes localized at the vegetal cortex as a tight band. Fig. 5B shows that the association of injected Vg1 with the wedge-shaped structure in stage 2 oocytes was not sensitive to nocodazole. On the other hand, exogenous Vg1 mRNA injected into stage 3 oocytes did not translocate to the cortex when the injected oocytes were treated with nocodazole (Fig. 5D) . We conclude from these results that the initial stages of Vg1 localization (ie. the association with the wedge-shaped structure) is a microtubule-independent process, while subsequent translocation to the cortex during stages 3 and 4 involves microtubules.
The mitochondrial cloud possesses a g-tubulin staining body that may represent the remnants of the centrosome
An important question concerns how the microtubule tracks that translocate Vg1 during stages 3 and 4 of oogenesis are established. During early stages of oocyte development, after the oogonia have undergone four mitotic divisions to form a 16-cell nest, the centrosome and centrioles reside in a mitochondrial aggregate to one side of the nucleus. This structure contains g-tubulin, which is a marker for the centrosome (Stearns et al., 1991; Zheng et al., 1991; Gard et al., 1995) . We hypothesized that remnants of the centrosomal material remained within the cloud and may function as a microtubule organizing center (MTOC) at the vegetal cortex later during oogenesis. To test whether or not this structure existed in older oocytes, we performed immunostaining of oocytes using an antibody against gtubulin. Fig. 6A shows that in histological sections of stage 1 oocytes stained with hematoxylin and eosin there is a defined structure within the mitochondrial cloud. Fig.  6B -D shows that we can detect a g-tubulin-positive body in a variety of different-stage oocytes from pre-stage 1 (Fig.  6B,C) to the later stage 1 oocytes (Fig. 6D) . We also performed co-immunostaining with antibodies against (a-and b-spectrin and g-tubulin. Fig. 6E shows that the mitochondrial cloud is positive throughout for spectrin while the small structure within the cloud is positive for g-tubulin.
When in situ hybridization, in conjunction with immunostaining, was performed, the cloud was positive for Xcat2 and Xlsirts RNAs indicating that it is the METRO-containing cloud (data not shown). These results suggest that the remnants of the centrosome persist within the METRO-containing mitochondrial cloud in stage 1 oocytes. During late stage 1 and early stage 2 when the cloud fragments and associates with the cortex it is difficult to detect the g-tubulin staining structure. However, g-tubulin-positive structures have been detected in the vegetal cortex of stage 5 and 6 oocytes (Gard, 1994) . Therefore, it is possible that this g-tubulin material moves to the cortex with the cloud and may serve as an MTOC for the elaboration of the microtubules used to translocate RNAs through the late pathway.
Discussion
An important aspect of the differentiation of the oocyte is the sequential evolution of its RNA localization machinery. Two major pathways, the METRO (early) and late path- ways, were identified for the localization of different groups of RNAs during oogenesis (Forristall et al., 1995; Kloc and Etkin, 1995b) . These differ both in the time and in the mechanism by which they function (Forristall et al., 1995; Kloc and Etkin, 1995b; Kloc et al., 1996; Zhou and King, 1996a) . Our previous work showed that the early or METRO pathway is established sequentially beginning before stage 1 with the setting aside of a single mitochondrial cloud that differentiates into the RNA transport vehicle (Kloc et al., 1996) . RNAs such as Xlsirts, Xwnt11 and Xcat2 accumulate in a specialized region at the tip of this cloud, called the METRO, and are subsequently transported to the vegetal cortex during stage 1 of oogenesis. These RNAs are targeted to the METRO in a microtubule-and microfilament-independent fashion (Kloc et al., 1996) . The cis-acting elements responsible for Xlsirts targeting are located within the 79nt repeat sequences (Kloc et al., 1993) ; for Xcat2, they are localized within the 3′ untranslated region (Zhou and King, 1996a) . In the cytoplasm, Xcat2 and Xlsirts form distinct particles, the nature of which is as yet unclear; however, it is likely that they consist of complexes of the RNAs and proteins involved in their targeting (Kloc et al., 1996) . When the RNAs are located within the METRO region of the cloud, the Xlsirts, Xcat2 and Xwnt11 RNAs appear to be segregated from each other, forming distinct patterns (Kloc and Etkin, 1995b) . Finally, when the METRO-localized RNAs reach the vegetal cortex, they anchor in a disk-like structure in layers, with Xcat2 more closely associated with the outer cortex, followed by Xlsirts and Xwnt11 (Kloc and Etkin, 1995b) .
During stage 1 and early stage 2, when the METRO RNAs are being localized, Vg1 is distributed homogeneously throughout the cytoplasm (Melton, 1987; Yisraeli and Melton, 1988; Kloc and Etkin, 1995b) . It is not until after the early localized RNAs are anchored as a disk at the vegetal cortex that one sees the initial signs of Vg1 localization, when Vg1 appears as a wedge-shaped structure (Kloc and Etkin, 1995b) .
In the present study we demonstrate that: (1) while RNAs are being localized through the early pathway, Vg1 is free to move when provided with an early localization signal to trigger its movement; (2) the first sign of Vg1 localization through the late pathway occurred during stage 2, when it co-localizes with a structure containing a subdomain of the ER; (3) this subdomain of the ER forms as the mitochondrial cloud moves to the vegetal cortex; (4) this initial localization of Vg1 with the ER was not dependent upon microtubules; (5) during stages 3 and 4, in accordance with the findings of Yisraeli et al. (1990) , the mass of Vg1 mRNA was translocated to the vegetal cortex, through a microtubule-dependent process, where it is anchored through a mechanism utilizing microfilaments and the Xlsirts (Kloc and and (6) the mitochondrial cloud may contain an MTOC that is used to organize the microtubules used in the late pathway.
Several lines of evidence support the conclusion that this novel wedge-shaped ER structure is real. These include (1) in situ hybridization showing that the Vg1 RNA is found as a wedge-shaped structure in stage 2 oocytes, (2) analysis of the ER using two different antibodies (TRAPa, Deshler et al., 1997; GRP-78, this study) show this structure and (3) the Vg1 and ER have been co-localized to this structure using a combination of in situ hybridization and immunostaining. It is still formally possible, however, that there is simply coincidental co-localization of the Vg1 and ER in the wedgeshaped structure. The resolution of this issue will have to await more direct evidence of the mechanism responsible for the co-localization of Vg1 and the ER.
Recent evidence has demonstrated the presence of a 75-kDa protein called vera that binds to the Vg1 3′-UTR region involved in translocation to the vegetal cortex (Deshler et al., 1997) . This protein was isolated on the basis of its association with the ER, and may be a key component in the association of Vg1 with the specialized ER structure in stage 2 oocytes. The wedge-shaped ER-containing structure that appears as the mitochondrial cloud is migrating may serve as a substrate on which microtubule tracks are oriented for use by Vg1 during stages 3 and 4. A close association between the ER and microtubules has been observed in other systems (Terasaki et al., 1986 ). Alternatively, it is possible that the Vg1 remains associated with the ER and that ER-containing vesicles are translocated to the vegetal cortex along microtubules (Deshler et al., 1997; Etkin, 1997;  Fig. 7) . Movement of membrane vesicles along microtubules was demonstrated in a variety of systems, supporting this later model (Dabora and Sheetz, 1988; Lee and Chen, 1988; Allan and Vale, 1994; Waterman-Storer et al., 1995) . The data suggest that the wedge-shaped region of the ER is unique, in the sense that the Vg1 RNA associates only with this subdomain of the ER and not with the ER located elsewhere in the cortex.
An important issue is the nature of the signal that initiates the localization of Vg1 during stage 2. Our data show a clear correlation between the elaboration of the wedge-shaped ER structure formed as the mitochondrial cloud disperses and migrates towards the vegetal cortex, and the accumulation of Vg1 mRNA over this structure. In addition, we found that Vg1 is not tethered within the cytoplasm but, given an early localization signal, can translocate to the cloud. We suggest that these data support the conclusion that a major portion of the signal initiating Vg1 localization is the establishment of the late pathway localization machinery in the form of the specialized ER structure.
During stages 3 and 4, translocation of the Vg1 RNA occurs through a microtubule-dependent mechanism that possibly is mediated by the interaction of Vg1 and a 69-kDa protein (Schwartz et al., 1992) . The 69-kDa protein binds to the Vg1 3′-UTR and is believed to be a microtubule-interacting protein (Elisha et al., 1995) . Therefore, it appears that there is continuity between the early and late localization pathways, in which the elaboration of a unique ER structure piggybacks on the migrating mitochondrial cloud material. We speculate that the mitochondrial cloud serves as a focal point for organizing this portion of the ER. In addition, our data showing the presence of a g-tubulinpositive structure within the cloud of stage 1 oocytes support the possibility that the microtubules used by Vg1 in the late pathway originate from this centrosomal remnant. The presence of a g-tubulin-positive structure within the mitochondrial aggregate was also observed in pre-stage 1 oocytes (Gard et al., 1995) . The presence of such a structure that may function as an MTOC later during oogenesis further supports the hypothesis of interactions between the METRO and late pathways. While our data are consistent with this conclusion, further analysis is necessary to prove this point. . Model for the establishment of the late pathway. The Vg1 mRNA (red dots) is distributed throughout the cytoplasm while Xlsirts, Xcat2 and Xwnt11 are within the METRO (blue) in stage 1 oocytes (A). Later during stage 1 we detect a cap of ER material associated with the side of the migrating cloud closest to the GV (orange) (B). By stage 2 a portion of the ER forms a wedge-shaped structure that occupies the channel created by the migrating mitochondrial cloud (C). During this time we detect Vg1 mRNA co-localizing with this subdomain of the ER. This association is not microtubule dependent. Xlsirts, Xcat2 and Xwnt11 are already localized as a disk at the apex of the vegetal pole (blue). By stage 3 Vg1 mRNA is translocating to the vegetal cortex, utilizing microtubules. There are two possible means by which this occurs. The first (D) is that Vg1 remains directly associated with the ER (possibly through the vera protein; Deshler et al., 1997) and ER vesicles are moved along microtubules (green). Alternatively, (D′) the ER structure serves as a matrix for the laying down of the microtubules and the Vg1 mRNA translocates along the microtubules, perhaps binding to the microtubules through the 69-kDa Vg1 binding protein (Schwartz et al., 1992) . The green spot within the mitochondrial cloud represents the putative remnants of the centrosome that may function as an MTOC at the vegetal cortex to produce the microtubules used to translocate Vg1. Note that the model only depicts a portion of the microtubules present in stage 3 oocytes.
Previously, Kloc and Etkin (1994) found that destruction of Xlsirts releases Vg1 from the cortex, suggesting that the Xlsirts function to anchor RNAs. Interestingly, in the present study, we detected a potential interaction between the ER and the Xlsirts in stage 3 and 4 oocytes. It is possible that this interaction serves as an intermediary in the anchoring of Vg1; that would explain why, when we destroy the Xlsirts, Vg1 is released from the cortex, perhaps still associated with vesicles consisting of ER. Additionally, we have detected Xlsirts associating with the localized germ-plasm in blastomeres of embryos (M. Kloc, C. Larabell, L. Etkin, unpublished data) . It is tempting to speculate that Xlsirts, like the non-translatable pGC1 RNA in Drosophila, may also play a role in the association of RNAs within the germinal granules (Nakamura et al., 1996) .
The proper functioning of these two pathways is likely to be important in normal embryonic development. During oocyte maturation, Vg1 is released from the vegetal cortex, into the cytoplasm where it remains enriched in the vegetal hemisphere. Recent results indicate that the proper distribution of the Vg1 protein is important in right-left symmetry (Hyatt et al., 1996) . In addition, there is evidence that Vg1 is an important component in the dorsalventral patterning of the embryo (Thomsen and Melton, 1993) . RNAs such as Xcat2 and Xlsirts are not released from the cortex during maturation but remain tightly associated with specific regions of the vegetal cortex acquired by the early blastomeres (Forristall et al., 1995; M. Kloc, C. Larabell, L. Etkin, unpublished data) . These RNAs may represent components of the germ plasm and function in the specification of this lineage (Heasman et al., 1984; Robb et al., 1996) . It is, however, inaccurate to conclude that all RNAs localized through the early pathway are involved only in specifying the germ cell lineage, since Xwnt11 is involved in axial patterning (Ku and Melton, 1993) . Nevertheless, it is clear that the understanding of how these RNAs are localized to specific regions of the vegetal cortex during oogenesis is a fundamental biological problem and is crucial to our understanding of the regulation of early development.
Experimental procedures
Constructs
Xlsirtp11-R consisted of a 300-bp fragment containing three repeat units cloned into pT7T3-19 vector (Kloc et al., 1993) . Sense RNA for injection was made from Cla1 linearized template using T7 RNA polymerase. Antisense RNA for in situ hybridization was made from HindIII linearized template using T3 polymerase.
Vg1 cDNA (missing 156 bp of 5′-UTR of 2448 fulllength Vg1 cDNA) was cloned into the EcoRI site of pBluescript 11. Sense RNA was made from HindIII linearized template using T3 RNA polymerase; antisense RNA was made from BamHI linearized template using T7 polymerase. pXlsirt-Vg1-3′: HindIII/Accl 300-bp fragment of Xlsirtp11-R containing three repeat units was cloned into HindIII/Clal sites of the Vg1 cDNA at the end of the Vg 3′ untranslated region. pXlsirt-Vg1-5′: a HindIII/BamHI 300-bp fragment of Xlsirtp11-R containing three repeat units was cloned into the BamHI site at the 5′ untranslated region of Vg1. pXlsirt-Vg1-5′3′: a HindIII/Accl three repeat units fragment of Xlsirtp11-R was cloned into HindIII/Clal sites of Vg1. Sense RNA transcripts from the last three listed constructs were made from XhoI linearized templates using T3 polymerase.
An additional control for Vg1 RNA injection was sense RNA made from construct pXlsirt-Vg1-3′ cDNA linearized with HindIII using T3 polymerase. HindIII linearization cuts off the repeats.
Preparation of oocytes and in situ hybridization
Ovaries were surgically removed from anesthetized adult Xenopus laevis frogs and young froglets (2.5-4.0 cm). They were prepared according to Kloc and Etkin (1995b) and Kloc et al. (1996) .
For in situ hybridization groups of oocytes were fixed in MEMFA (0.1 M MOPS, 2 mM EGTA, 1 mM MgSO 4 , 3.7% formaldehyde) for 1-2 h, transferred to 100% methanol and stored at −20°C. Complementary RNA probes were synthesized from linearized plasmid templates in the presence of digoxigenin-11-UTP (BMB) as in Harland (1991) , Kloc and Etkin (Kloc and Etkin, 1994; Kloc and Etkin, 1995a) and Kloc et al. (1996) .
Injection and detection of exogenous RNA
Pre-stage 1, stage 1 and stages 2-4 oocytes (Dumont, 1972) were injected with 100 pg of synthetic RNA labeled in vitro with digoxigenin-11 UTP. In titration experiments, we injected from 10 mg to 1 ng of synthetic RNA. Injected oocytes were cultured in 50% Liebowitz L-15 media containing 5 mg/ml of vitellogenin, 1 mM l-glutamine, 15 mM Hepes, 1 mg/ml insulin and the antibiotics gentamicin (100 mg/ml), tetracycline (50 mg/ml) and nystatin (50 units/ml) at 18°C (Wallace and Misulovin, 1978; Wallace et al., 1980; Kloc et al., 1993) . After 2 days of culture, injected oocytes were fixed in MEMFA for 1-2 h, washed in PBS and treated with proteinase K and postfixed in MEMFA. They were incubated with antidigoxigenin-alkaline phosphatase conjugated-antibody and stained according to Genius 3 kit protocol (Boehringer, Indianapolis, IN). The oocytes were photographed as whole mounts using a compound microscope and incident lighting.
Nocodazole treatment to disrupt microtubules
Injected oocytes were cultured in L-15 medium in the presence of nocodazole (4-10 ng/ml, Sigma, St. Louis, MO) for 2 days. This treatment has been shown to depolymerize microtubules (Kloc et al., 1996) .
Immunostaining of ER
Oocytes were defolliculated with collagenase (1 mg/ml) for 1 h at 28°C, fixed for 1-2 h in 4% formaldehyde in PBS, dehydrated through ethanol and Histoclear, embedded in paraplast, and sectioned at 10 mm. Deparafinated sections were blocked for 30 min in 0.1% bovine serum albumin, 0.05% Tween-20 in PBS, and then incubated for 1 h in a 1:50 dilution of GRP78(N-20) (Santa Cruz Biotechnology, Santa Cruz, CA) antibody in 1% BSA, 0.05% Tween-20 in PBS. After washing twice (10 min each) in PBS-Tween, slides were incubated in anti-goat alkaline phosphatase antibody (Santa Cruz) (1:500 dilution in 1% BSA in PBSTween) for 1 h. After washing, slides were stained using either Vector red alkaline phosphatase kit (Vector, Burlingame, CA) or NBT-X-phosphate (BMB) according to manufacturers' protocols.
In situ hybridization and immunostaining
Whole mount in situ hybridization (without proteinase-K treatment) was performed using Xlsirt-or Vg-digoxigeninlabeled probes. After staining with NBT-X-phosphate, oocytes were fixed overnight in MEMFA and then washed twice for 15 min in PBS-0.1% Tween-20. The residual alkaline phosphatase activity was inhibited by treatment with 0.1 M glycine-HCl (pH 2.2), 0.1% Tween-20 for 10 min at room temperature according to Hauptmann and Gerster (1994) . After four washes (10 min each) in PBS-Tween, oocytes were blocked for 30 min in 1% blocking buffer (BMB) and incubated overnight with GRP 78 (N-20) antibody (1:50) in blocking buffer at 4°C. Oocytes were washed five times (20 min each) in G1 buffer (BMB) and incubated overnight at 4°C in a 1:2000 dilution of anti-goat alkaline phosphatase antibody. After extensive washing in G1 buffer, oocytes were stained with Vector red alkaline phosphatase according to the manufacturer's protocol. They were postfixed overnight in MEMFA, dehydrated, embedded in paraplast and sectioned at 10 mm. In some cases ovaries were fixed in Bouin's solution (Sigma) and sections were stained in Harris Hematoxylin-Eosin(Sigma) according to manufacturer's protocol.
Immunostaining with g-tubulin and spectrin antibodies
Ovaries from 4-cm females were fixed in fixative containing: 4% formaldehyde, 0.1% glutaraldehyde, 100 mM KCl, 3 mM MgCl 2 , Hepes, 150 mM sucrose, 0.1% Triton X-100 for 1-2 h at room temperature with shaking. After dehydration and embedding in paraplast, 10-mm sections were cut. Anti-g-tubulin polyclonal antibody was purchased from Babco (Berkeley, CA) and was used in 1:50 dilution. We also used an anti-g-tubulin antibody provided by Dr. Tim Stearn (Stanford University) at a similar dilution. Both antibodies produced similar results. Antispectrin monoclonal antibody (S-9645) was from Sigma and used at a dilution of 1:50. Control pre-immune samples were immunostained with mouse and rabbit sera (Sigma).
Deparaffinized and hydrated sections were blocked in 0.1% BSA in PBS-0.05% Tween-20 for 30 min at room temperature, then incubated with the mixture of g-tubulin and spectrin antibodies in 1% BSA in PBS-Tween, for 30 min. Sections were washed twice (10 min each) in PBSTween, and stained with NBT/X phosphate (BMB) according to the manufacturer's protocol. After rinsing in water, alkaline phosphatase was deactivated in 0.1 M glycine-HCl (Hauptmann and Gerster, 1994) and slides were incubated in anti-mouse alkaline phosphatase conjugated antibody (BMB) (1:200) for 30 min. They were washed twice in PBS-Tween and stained using Vector Red kit from Vector Laboratories with 100 mM Tris (pH 8) supplemented with 0.3 M NaCl as a staining buffer. Color reaction was stopped by fixing in 4% formaldehyde in PBS. Slides were dehydrated, cleared in Histoclear and mounted in Permount.
